Introduction
Many types of augmentation techniques exist today, with tubes having internal microfins being most common. A study conducted by Liebenberg ͓1͔, using helical microfin tubes with an inner diameter of 8.9 mm, showed that these tubes have a heat transfer coefficient increase of about 200% compared to that of a smooth tube. With this increase in heat transfer coefficients, however, there was also an increase in pressure drop. It was found, on average, that this increase was about 100% higher than that inside a smooth tube. These pressure drops were attributed to the increased vapor velocities in a helical microfin tube condenser, brought about by the greater regions of annular flow, which in turn increases the turbulence inside the tube compared to a smooth tube ͓1͔. The fins redistribute the liquid layer around the circumference of the tube, forcing the flow to become annular rather than intermittent or stratified.
In the mid-1990s a new generation of microfin tube was being developed, one of them being the herringbone microfin tube. This tube consists of a double V-groove, as shown in Fig. 1(a) , with grooves embossed on the inner surface. The orientation was chosen such that the liquid would converge at the top and bottom of the tube and diverge at the sides ͓Fig. 1(b)]. Due to the effect of gravity, especially at low velocities, the distribution of liquid at the bottom of the tube will be higher than at the top. The heat transfer enhancement, as explained by Miyara et al. ͓2͔ , is due to the thin film layer on the sides and the mixing of the converging liquid at the top and bottom of the tube. Table 1 gives a short summary of the experimental conditions used in previous work ͓3-5͔ on herringbone microfin tubes. The mass fluxes ranged from 100 to 400 kg/m 2 s and in some cases are lower than required for heat-pump water-heater applications where the mass fluxes range up to 1000 kg/m 2 s. Although smaller tubes are being investigated by other researchers, especially in countries such as the US and Asia where tube diameters as low as 4 mm are being introduced, 3/8 in. (ϳ9.5 mm) tubes are still the most common tubes used in residential and commercial air conditioners, heat pumps, and refrigeration systems.
The objective of this paper is to first introduce experimental findings of condensation pressure drops inside herringbone microfin tubes at mass fluxes higher than were published before (400-800 kg/m 2 s) and inside tubes with larger diameters ͑8.5 mm inside and 9.53 mm outside͒. The second objective is to compare the experimental data of the herringbone microfin tube to experimental data on smooth and helical microfin tubes. Third, the pressure-drop data were used to develop a modified pressure-drop correlation for a herringbone microfin tube.
Experimental Facility
The experimental test facility consisted of two main subsystems: the vapor-compression loop and the water loops. A schematic of the experimental setup is given in Fig. 2 . Each of the sub-systems was of the closed-loop type. The vapor-compression loop consisted of a hermetically sealed reciprocating compressor having a nominal cooling capacity of 9.6 kW, an oil separator with a maximum discharge volume of 2.6 m 3 /h, a manually adjustable expansion valve, a water-heated evaporator, and a water-cooled test condenser. Three test condensers were used, namely, a smooth tube, an 18-deg helical microfin tube, and a herringbone microfin tube. Geometric parameters of the tubes as well as their lengths are given in Table 2 . The lengths of the tubes were chosen to obtain an energy balance better than 1%. The orientation of the herringbone microfin tube was chosen such that the liquid converges at the top and bottom of the tube and diverges at the sides.
Visual inspection ensured that the orientation of each tube was maintained during the manufacture of the condenser. Sight glasses, cylindrical in shape, were used to visualize the flow patterns inside the tubes. The inner diameter of these sight glasses was the same as the inner diameter of the condenser tubes. This was done so that the flow inside the tubes would not be affected.
The test condenser was of the tube-in-tube type with refrigerant flowing in the inner tube and water flowing in a counterflow direction in the annulus. The cold and hot water loops were connected to the condenser and evaporator, respectively. On the condensing side the cold water was used as a heat sink, removing the latent heat from the condensing refrigerant. The water temperature was kept constant in the range of 20-25°C ͑depending on the experiments conducted͒ in a 1000 l insulated reservoir connected to a 15 kW chiller. The water gauge pressure in the annulus was maintained between 70 and 140 kPa to prevent the formation of air bubbles, which could affect temperature readings and the heat transfer from the refrigerant to the water. A centrifugal pump pumped the chilled water to the double-tube condenser. A handcontrolled valve controlled the water flow rate through the test sections. After passing through the condenser, the water returned to the reservoir of the chiller unit.
A similar hot water flow loop was used on the evaporating side, also with an insulated 1000 l reservoir, but connected to a 12 kW electric resistance heater. The reservoir water temperature was varied between 30°C and 40°C depending on the experiments conducted. Increasing or decreasing the temperature of the water through the evaporator altered the refrigerant density at the compressor inlet and thus the refrigerant mass flow.
For the smooth and helical microfin tube, two resistance temperature detectors ͑RTDs͒ were used prior to each subsection, placed at the top and bottom of the inner tube. This was done to obtain an average temperature of the tube since the distribution of the liquid layer inside the tube would under-or overestimate the temperature measurement if only one RTD were used. For the herringbone microfin tube, however, the RTDs were placed at the top and on the side of the inner tube because the liquid film thickness on the top is much thicker than on the side. The absolute pressures of the condensing refrigerant were measured with piezoelectric pressure transducers, which were positioned at the inlet of each condenser subsection. Two Coriolis mass flow metres were used for the vapor compression loop and the cold-water loop. The uncertainties of the instruments, given in Table 3 , were calculated by using the method of Kline and McClintock ͓6͔.
Data Reduction
Deduction of Vapor Quality. The properties of the refrigerant at the inlet and outlet of the condenser were determined by temperature and pressure measurements. From these measurements the thermophysical properties of the condensing refrigerant were determined by interpolating the superheated ͑at the inlet of the condenser͒ and subcooled ͑at the outlet of the condenser͒ tables that were obtained from REFPROP ͓7͔. The refrigerant properties for the rest of the condenser ͑two-phase sections͒ were determined by assuming that the calculated values of the heat transferred to the water was more accurate than the values calculated for the refrigerant. With this assumption the enthalpy values of the refrigerant could be deduced. In the first test subsection the water heat flux was equated to the refrigerant heat flux ͑due to the refrigerant enthalpy change͒ to obtain the outlet enthalpy h o . This outlet enthalpy was then used as the inlet enthalpy h i for the next subsection. This procedure was repeated for all eight subsections ͓1͔.
The average sectional vapor quality was thus obtained by
The average vapor quality of each test subsection was then determined as
Pressure Drop and Pressure Gradients. The total pressure drop was defined as
where the momentum pressure drop ⌬p m is defined as Fig. 1 a… Basic geometry of the herringbone microfin tube "not to scale… and b… an illustration of how condensate is distributed inside the tube for the adopted orientation "exaggerated… 
The void fraction used was that given by Rouhani and Axelsson ͓8͔. Since the tubes were horizontally positioned, the gravitational pressure drop ⌬p g was neglected. The frictional pressure drop ⌬p f was calculated from known correlations obtained in the literature.
The measured pressure between each subsection that was in a two-phase region was subtracted from each other to obtain the total experimental pressure drop per subsection. This in turn was divided by the subsection length to obtain the pressure drop per unit condenser length, or the pressure gradient.
Penalty Factor. The parameter used to compare the pressuredrop characteristics of the herringbone microfin tubes to those of the smooth and helical microfin tube is the penalty factor PF. The penalty factor is defined as the ratio of the measured total pressure gradient in the herringbone microfin tube to the measured total pressure gradient in the smooth tube ͓Eq. ͑5͔͒ and the ratio of the measured total pressure gradient in the herringbone microfin tube to the measured total pressure gradient in the helical microfin ͓Eq. ͑6͔͒ as follows:
Flow Regimes. With the aid of mini digital video cameras and the flow regime maps developed by Thome ͓9͔, flow patterns were identified within the tubes, thus allowing the determination of flow regime transitions. The Froude rate, defined as
which is essentially the ratio relating the kinetic energy of the vapor to the amount of energy required to pump the liquid from the bottom to the top of the tube. In regions where gravitational drag becomes dominant, the Froude rate expresses how the energy dissipation due to liquid waves and liquid mass movement around the tube's diameter are related to the energy in the flow stream ͓1͔.
Experimental Results
Prior to obtaining experimental data on the herringbone microfin tube, experiments were conducted on the smooth and helical microfin tubes. These data were compared to pressure-drop correlations obtained from the literature. For the smooth tube the pressure-drop data were predicted on average for the three refrigerants to within 33% using the correlation of Lockhart and Martinelli ͓10͔. The correlation of Cavallini et al. ͓11͔ was used for the helical microfin tube and predicted the pressure-drop data to within 13%. Figure 3 shows the use of the flow regime maps of Thome ͓9͔. For the smooth tube, the transition quality was calculated in the manner described by Thome ͓9͔ and is given in Fig. 3(a) . This method was, however, only applicable for smooth tubes, and a new method needed to be developed for the helical and herringbone microfin tubes. The method used by Liebenberg ͓1͔ for determining the transition quality was implemented for the smooth tube, and the results differed by a quality of as little as 0.001. This meant that this new method could be used for the helical and herringbone microfin tubes. The flow regime maps for the helical and herringbone microfin tubes are given in Figs. 3(b) and 3(c) . In these maps the transition quality from annular to intermittent flow is different for each tube; the smooth tube having the highest transition quality and the herringbone microfin tube having the lowest. Figure 4 shows a summary of the pressure gradients for the three refrigerants inside the smooth, helical microfin and herringbone microfin tubes as a function of the average vapor quality at mass fluxes of 400, 600, and 800 kg/m 2 s. The overall trend for the three refrigerants is that the pressure gradients increase with an increase in vapor quality. At high qualities where the pressure gradients are the highest, the flow was found to be annular, implying that the main reason for the drop in pressure was due to the increased turbulence formed by the high-velocity vaporgenerating friction against the liquid annulus. Looking at Eq. ͑7͒, the Froude rate has a high value for high qualities, and thus, the flow is shear dominated. As the quality decreases a transition starts to occur between annular and intermittent flow and the vapor and liquid velocities become similar. For this reason the pressure gradients are much lower and from Eq. ͑7͒ the Froude rate has a small value, implying that the flow is gravity dominated.
For the smooth tube this transition region occurred at a quality of about 50% ͓12͔. For the helical microfin and herringbone microfin tubes the transition occurred at a quality of 28% and 26% ͓12,13͔, respectively. This is characterized by a sharp increase in pressure gradient at qualities higher than the transition qualities. Thus, for the helical and herringbone microfin tubes, due to the increased turbulence generated by the fins, annular flow occurs over a larger vapor-quality region than for the smooth tube. This is visually shown in Table 4 from the captured video images. Looking at a quality of about 0.46, for the smooth tube the flow is intermittent, with slugs and plugs forming at the top of the tube, while the helical and herringbone microfin tubes are still in annular flow, noting that there is a liquid film layer around the circumference of the tube. This implies that the fins redistribute the liquid around the circumference of the tube, extending the annular flow regime down to lower qualities. This further implies that the average pressure gradients for these tubes will be higher due to the increase in turbulence found in annular flow. Since the transition quality for the herringbone microfin tube is lower than that of the helical microfin tube, one can expect the overall pressure drops ͑on average͒ for the herringbone microfin tube to be higher. Figure 5 shows a summary of the average pressure gradients for condensation as a function of the mass flux. The overall trend is that the pressure gradients increase with an increase in mass flux. Further, it is noted that the local pressure gradients ͑Fig. 4͒ and the average pressure gradients ͑Fig. 5͒ of R-134a are always higher than that of R-22 and R-407C, with R-407C being the lowest. This concurs with expectations, as R-134a is a low-pressure refrigerant, which implies higher vapor velocities, resulting in higher relative pressure drops than those for the higher-pressure refrigerant.
Comparisons of Pressure-Drop Penalty Factors
The penalty factors for the herringbone microfin tube were determined by analyzing the ratio of the pressure drops of the herringbone microfin tube to the pressure drops of the smooth ͓Eq. ͑3͔͒ and helical microfin tubes ͓Eq. ͑4͔͒, reduced to equivalent lengths. The plots of the penalty factors are given in Fig. 6 . For the plots against the smooth tube, Fig. 6(a) , the penalty factors are always greater than one throughout the mass flux range, implying that the herringbone microfin tube overall has a higher pressure drop than that of the smooth tube. On average, when using R-22, the pressure drop is 84% higher than in the smooth tube, while when using R-407C and R-134a the pressure drops are 80% and 72% higher, respectively. On average for the three refrigerants the herringbone microfin tube has a 79% higher pressure drop than that of the smooth tube. This increase is due to the increase in turbulence generated by the fins. As was explained previously, the fins extend the annular flow regime to lower qualities by redistributing the liquid around the circumference of the tube. This is also shown visually in Table 4 . 
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The penalty factors for the herringbone microfin tube against that of the helical microfin tube are given in Fig. 6(b) . For R-22 the pressure drops of the herringbone microfin tube are about 41% higher than that of the helical microfin tube. This agrees well with the work of other researchers ͓2-5,8͔. For R-407C and R-134a, however, the penalty factors at lower mass fluxes (400-500 kg/m 2 s) are below one. An explanation is that the flow over the fins, as explained by Wang et al. ͓14͔, induces a viscous sublayer thickness, buffer layer, and an integral constant in the log-law that is greater than that for the helical microfin tube, implying that the fins might have a drag reduction effect when compared to the helical microfin tube. At higher mass fluxes the pressure drops for these two refrigerants are, respectively, about 17% and 24% higher. On average for the three refrigerants the pressure drops of the herringbone microfin tube are about 27% higher than those of the helical microfin tube. Figure 5 gives plots of the correlation of Miyara et al. ͓4͔ with regard to the herringbone microfin tube experimental data. The deviations were calculated by
Comparisons With Other Pressure-Drop Correlations
The experiments of Miyara et al. ͓4͔ were conducted at low mass fluxes ͑100 to 400 kg/m 2 s) with refrigerants R-22 and R-410A ͑see Table 1͒ , also from where they derived their correlation. From Fig. 4 it follows that the correlation slightly deviates from the data at high mass fluxes, especially for R-407C and R-134a. On average, however, this correlation only underpredicted the data by 7%, implying that it could be used at mass fluxes higher than 400 kg/m 2 s and maybe even for refrigerants other than R-22 and R-410A.
Modification of a Pressure-Drop Correlation
The correlation developed by Carnavos ͓15͔ for finned tubes was modified for the herringbone microfin tube. The pressure drop due to friction is given by the product of the liquid-only pressure drop and a two-phase multiplier
with the two-phase multiplier being that of Souza and Pimenta ͓16͔,
The modified Darcy-Weisbach equation as obtained from Friedel ͓17͔ was calculated by
The liquid-only friction factor, as given by Carnavos ͓15͔ for a finned tube
with D e being the equivalent inner tube diameter taking the fins into account, D i the fin-root diameter, A n the nominal flow area based on the fin-root diameter, and A the actual cross-sectional flow area of the tube. The area ratio for the microfin tube as given by Azer and Said ͓18͔ is
with e being the fin height, n the number of fins, t the fin thickness, and ␤ the helix angle of the fins. The terms sec ␤ and cos ␤ in Eqs. ͑12͒ and ͑13͒ account for the swirling effect induced by the fins inside the helical microfin tube. By multiplying the cos Transactions of the ASME and sec terms by a factor 2 and changing the power of the sec term in Eq. ͑12͒ from 0.75 to 1.1, the equations become, respectively,
The experimental pressure-drop data using the modified correlation were predicted to within an error of 1%, having an absolute mean deviation of 6.8%; 94% of the data were predicted within Ϯ20%. This is visually shown in Fig. 7 . The modified correlation is also visualized with the experimental data in Fig. 4 . The uncertainties of Eq. ͑9͒ are given in Table 3 .
To summarize, Eqs. ͑14͒ and ͑15͒ can be given in a more general form as follows: Yϭ1.1 Table 4 Images of R-134a condensing at a mass flux of 500 kgÕm 2 s for the three tubes tested
When comparing the proposed correlation with that of Miyara et al. ͓4͔ in Fig. 5 , at high-mass fluxes the two differ by as much as 19%, but seem to converge to a point as the mass flux decreases. This is due to the fact that both correlations are strongly dependant on the mass flux. Further, the correlation of Miyara et al. ͓4͔ at high mass fluxes predicts higher pressure drops than the proposed correlation. This, however, changes from a mass flux lower than 500 kg/m 2 s where the proposed correlation predicts higher pressure drops. It is also noted that the two correlations are similar in form; the correlation of Miyara et al. ͓4͔ is defined in terms of a vapor-only pressure drop multiplied by a modified form of the Haraguchi et al. ͓19͔ two-phase multiplier.
Conclusion
Experiments for refrigerant pressure drops were conducted with herringbone microfin tubes during condensation and compared with the performance of their smooth and helical microfin counterparts. The condensers were of the tube-in-tube type with the refrigerant flowing in the inner tube and cooling water in a counterflow direction in the annulus. Three refrigerants were tested, namely, R-22, R-134a, and R-407C. All tests were conducted at a nominal saturation temperature of 40°C and at mass fluxes ranging from 400 to 800 kg/m 2 s. The results showed that for all three test condensers the pressure gradients increased with an increase in quality. The trends of the pressure gradients were due to the increase in turbulence from the intermittent to the annular region. These transitions occurred at an average vapor quality of 50%, 28%, and 26% for the smooth, helical microfin, and herringbone microfin tubes, respec- Transactions of the ASME tively. The high pressure gradients, found at the high-quality regions ͑above the transition qualities͒, were due to the friction generated during annular flow by the high-velocity vapor core against the slow-moving liquid annulus. At low qualities where the flow was intermittent ͑below the transition qualities͒, and thus gravity dominated, the pressure gradients were lower and remained more or less constant. It was concluded that the fins on both the helical and herringbone microfin tubes redistributed the liquid layer around the circumference of the tube, extending the annular flow regime to lower qualities, thus having a longer range in which the flow is very turbulent.
With the pressure-drop data, the penalty factors of the herringbone microfin tube against that of the smooth and helical microfin tubes were calculated. The results indicated that, for the herringbone microfin tube against the smooth tube, the penalty factors were always above one. On average the pressure drops of the herringbone microfin tube were about 79% higher than those of the smooth tube. Results also indicated that the penalty factors for the three refrigerants were almost the same.
For the herringbone microfin tube against the helical microfin tube, the penalty factors for R-407C and R-134a were less than one for low mass fluxes. An explanation for this is that the fins might have a drag-reducing effect due to a larger viscous sublayer thickness, buffer layer, and a greater integral constant in the loglaw. For R-22, however, the penalty factors were, on average, greater than one. For the three refrigerants, the pressure drops were, on average, about 27% higher.
The correlation of Miyara et al. ͓4͔, which was initially developed from R-22 and R-410A data inside a herringbone microfin tube, deviated from the measurements of this study on average by 7%, even though it was used to predict the pressure drops of not only R-22, but also R-407C and R-134a. This implied that this correlation could maybe be used for refrigerants other than R-22 and R-410A at higher mass fluxes.
An existing helical microfin tube correlation obtained from the literature was modified to predict the pressure drops inside the herringbone microfin tube. The results indicated that this modified correlation predicted the data within an average error of 1% and an average mean deviation of 6.8%.
